The immense adaptability of antigen recognition by antibodies is the basis of the acquired immune system. Despite our understanding of the molecular mechanisms underlying the production of the vast repertoire of antibodies by the acquired immune systems, it has not yet been possible to arrive at a global view of a complete antibody repertoire. In particular, B cell repertoires have been regarded as a black box because of their astronomical number of antibody clones. However, next-generation sequencing technologies are enabling breakthroughs to increase our understanding of the B cell repertoire. In this report, we describe a simple and efficient method to visualize and analyze whole individual mouse and human antibody repertoires. From the immune organs, representatively from spleen in mice and peripheral blood mononuclear cells in humans, total RNA was prepared, reverse transcribed, and amplified using the 5'-RACE method. Using a universal forward primer and antisense primers for the antibody class-specific constant domains, antibody mRNAs were uniformly amplified in proportions reflecting their frequencies in the antibody populations. The amplicons were sequenced by next-generation sequencing (NGS), yielding more than 10 5 antibody sequences per immunological sample. We describe the protocols for antibody sequence analyses including V(D)J-gene-segment annotation, a bird's-eye view of the antibody repertoire, and our computational methods.
Introduction
The antibody system is one of the fundamentals of the acquired immune system. It is highly potent against invading pathogens due to its vast diversity, fine antigen recognition specificity, and the clonal expansion of antigen-specific B cells. The repertoire of antibody-producing B cells is estimated to be more than 10 15 in a single individual 1 . This immense diversity is generated with the help of VDJ gene recombination in the immunoglobulin genetic loci 2 . Description of the entire B cell repertoires and their dynamic changes in response to antigen-immunization is therefore challenging, but essential for a complete understanding of the antibody response against invading pathogens.
Because of their astronomical diversity, B cell repertoires have been regarded as a black box; however, the advent of NGS technology has enabled breakthroughs to an enhanced understanding of their complexity 3, 4 . Whole antibody repertoires have been successfully analyzed, firstly in zebrafish 5 , then mice 6 , and humans 6, 7 . Although NGS has now become a powerful tool in the study of the adaptive immune response, basic analyses of the commonalities and differences in antibody repertoires among individual animals are lacking.
In mice, it was reported that the IgM repertoires are almost identical between individuals, whereas those of IgG1 and IgG2c are substantially different between individuals 8 . In addition to V-gene usage profile, the observed frequency of VDJ-profile in naive peripheral B cells is highly similar between individuals . These results indicate that the mechanisms for the antibody repertoire formation can be deterministic rather than stochastic 5, 8, 9 . The process of antibody repertoire development in mice has also been successfully analyzed using NGS to further highlight the potential of NGS to uncover the antibody immune system in detail 10 .
In this report, we describe a simple and efficient method to visualize and analyze an antibody repertoire at a global level.
Protocol
All animal experiments were performed according to institutional guidelines and with the approval of the National Institute of Infectious Diseases Animal Care and Use Committee. Sampling of PBMCs from healthy adult volunteers, used as the representative result in this report, was performed with the approval of the Ethics Committee of the National Institute of Infectious Diseases, Tokyo, Japan, and written informed consent was obtained from each participant using an ethics committee-approved form.
Primer Design
1. Design a universal forward primer to cDNA to amplify the immunoglobulin mRNA without bias from PCR primers, as used in the 5'-RACE 11, 12 and SMART-PCR 13 techniques.
2. For the immunoglobulin VH gene amplification, design the immunoglobulin class-specific sequences in the constant region as reverse primers 8, 14 ( Figure 1A) .
NOTE: Multiplex tag sequences can be added to any of these primers to label the library molecules from different sample sources. Sequences for nested PCR can also be added, according to the manual of the kit used 
Nucleic Acid Isolation from Immune Cells and Tissues
NOTE: The procedure given below is for extracting nucleic acids from the mouse spleen. However, it is applicable to other immune tissues and human cells such as lymph nodes or peripheral blood mononuclear cells (PBMCs) (Figure 1B) .
. The details and optimization of the reaction are described in the manual of the kit 15 . The starting materials for mouse immunoglobulin are the sample from step 2.10. The starting materials for human immunoglobulin are the sample from human tissues, ex. PBMC, treated as described in steps 2.3 to 2.10.
1. Synthesize the first-strand cDNA from 2 to 10 µg of total RNA template using 5'-RACE CDS primer (oligo-dT-containing) and SMART-PCR oligonucleotide ( Figure 4 ).
2. Electrophorese the PCR products on an agarose gel and purify 600 to 800 bp fragments using a silica membrane spin-column.
1. Electrophorese the sample from 3.2.1 or 3.2.2 on 2% agarose gel. 2. Visualize the DNA bands on UV-transilluminator and excise the gel-slice containing the broad band between 600 to 800 bp. 3. Add 10 mL of membrane binding solution per 10 mg of gel slice. Mix and incubate at 50-65 °C until the gel slice is completely dissolved. 4. Transfer the gel solution on silica membrane spin-column. Wash once with washing buffer and elute DNA with 50 mL of nuclease-free water (Table of Materials) .
3. Quantify the purified amplicons with a fluorometer and pool amplicons from each immunoglobulin class in equal amounts for NGS sequencing. NOTE: Typically, 2-10 mg amplicon DNA was recovered for each immunoglobulin class. Mix each sample solution equally in DNA amount to give rise 50 mL solution containing 10-20 ng DNA/mL. 4. Determine the size and concentration of libraries using a micro-capillary based electrophoresis with DNA sizing chip ( Table of Materials) .
Store the libraries at -20 °C.
NGS Sequencing of Libraries
1. Generate a SampleSheet.cvs for the sequencing run specifying sample name, index information and instruct to obtain .fastq files only. 2. Thaw the reagent cartridge ( 
Quality Control of NGS Data
1. Perform the quality control of FASTQ data using the "FASTX-Toolkit" Table 2 ).
The complementarity-determining region 3 (CDR3) sequences of these productive reads, which give rise to the majority of antigen-binding specificity, are given in IgBLAST outputs. The CDR3 sequences can be analyzed statistically, including biological or technical replicates, as described previously 8, 10 .
Human antibody repertoires
A perspective of a human antibody repertoire as a whole can be analyzed from various tissues including peripheral blood mononuclear cells (PBMCs) or pathological tissues. Figure 4 shows representative results of IgM, total IgG (IgG1, IgG2, IgG3, and IgG4), total IgA (IgA1 and IgA2), IgD, IgE and IgL repertoires from normal PBMCs. A summary of the read numbers is shown in Table 3 . For example, 90,238/1,582,754 reads contained IgM-specific signature sequence and 67,896/90,238 reads were VDJ-productive.
The repertoire profile of VDJ rearrangement is shown on a 3D-VDJ-plot in which the size of each ball represents the relative number of reads; in other words, the number of antibody mRNAs from whole PBMCs (Figure 4) . The 3-D mesh consists of 56 IGHV, 27 IGHD, and 6 IGHJ, aligned in the order they appear on the chromosome. In addition, genes ambiguously assigned by IgBLAST are represented separately in the last position for each IGHV, IGHD and IGHJ line, giving rise to 11,172 nodes in the cuboid.
The profile of VJ-rearrangement in the IgL repertoire is depicted in a 2D-VJ-plot in which the length of each bar represents the relative number of reads (Figure 4) . The x-axis represents 41 IGLVκ and 32 IGLVλ genes, and the y-axis represents 5 IGLJκ and 5 IGLJλ genes. The un-annotated V-and J-genes are represented on the right borderline.
The human CDR3 sequences are given in IgBLAST outputs and can be analyzed statistically as described previously 8, 10 . 
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Discussion
The method described here utilizes NGS for antibody RNA amplified using the 5'-RACE method. In contrast to methods that use degenerate 5'-V H gene primers, mRNAs of each antibody class are amplified evenly using universal forward primers. In addition, the use of antisense primers specific for the constant-region 1 (CH1) of the antibody gene enables repertoire profiling of specific immunoglobulin classes. This is very beneficial for dissecting the class-specific antibody response, as well as for comparing naive and immunized repertoires 8, 9 .
A most likely pitfall of the method is a paucity of amplified immunoglobulin messages. The depth of antibody repertoire obtained by this protocol substantially depends on the PCR amplification described in steps 3.1 and 3.2. If the repertoire depth is not properly obtained, changing the ratios of template cDNA and primers in steps 3.2.1 or 3.2.2 is strongly recommended.
Generally, approximately 20% of the antibody reads produced by NGS are ambiguous sequences 21 . Even with established "correction methods", 5-10% remain ambiguous 3 . We, therefore, analyzed the sequence and filtered raw reads containing signature sequences corresponding to immunoglobulin constant regions (CμH1, Cγ1H1, Cγ2cH1, etc.). Hence the analysis of somatic hyper-mutations needs the careful examinations.
One of the limitations of this method is that immunoglobulin heavy and light chain pair is unable to be inferred. Hence the repertoire view obtained by this method is not holistic. However, it is possible to approximate the top-ranking pairs by statistical analysis of the data 10 . Also, a novel method to sequence the immunoglobulin pairs was reported recently 3, 4 .
The immunoglobulin sequences in the output .fna data were extracted based on the presence of immunoglobulin gene signature sequences. The V, D, and J gene segments were then annotated and the productivity of V(D)J rearrangements were assessed. The complementaritydetermining region 3 (CDR3) sequences were also annotated. These systematic examinations of immunoglobulin sequences in .fna data were usefully provided by the IMGT/HighV-QUEST server 22, 23, 24 . However, building an automated processing pipeline has the merit to analyze the big experimental data. The pipeline customized for each purpose is possible to set up by using the standalone IgBLAST protocol 19 . This approach needs basic programming literacy but is very useful for detailed analyses of the immunoglobulin system. The pipelines described are the examples of the customized protocol (Figure 2) .
The number of antibody reads is proportional to the amount of antibody RNAs in the sample, reflecting the antibody constituents of the antibody system at given time points 5, 8, 25 . The method described here gives a bird's eye view of the V(D)J constitution of an antibody repertoire using R programs 8, 18, 26 .
The global view of IgM antibody repertoires of individual naive mice revealed a highly conserved VDJ-profile as compared to those of IgG1 or IgG2c 8 . It was reported that VDJ combinations of immature zebrafish are highly stereotyped 9 . In contrast, human VDJ combinations are reported to be highly skewed 6 . The highly conserved deterministic VDJ-profiles in naive B cells are probably generated either by skewed VDJrearrangements or negative selection with auto-antigens presented in the body. For example, IGHV11-2 is expressed preferentially in the fetal IgM repertoire 27 and this predominance is attributed to the autoreactivity of IGHV11-2 against senescent erythrocytes 27 . Interestingly, IGHV11-2 was also the most common major repertoire in our previously published analysis of naive IgM The method described here is useful for deciphering antigen-responsive antibody repertoires by inclusively analyzing the antibody-repertoire space generated in individual bodies, avoiding inadvertent omission of key antibody repertoires 8, 10 . This method also allows the examination of detailed antibody network dynamism, which would facilitate accelerated discovery of protective antibodies against newly emerging pathogens.
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